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Abstract
Aim: Investigating major freshwater fish flows (translocations) between biogeo-
graphic regions and their temporal dynamics and also quantifying spatial patterns and 
temporal changes in the array of introduced species, and the emergence and distance 
between major donor and recipient regions.
Location: Global.
Time Period: 1800–2020.
Major Taxa Studied: Freshwater fishes.
Methods: We analysed a global dataset on freshwater fish introductions (4241 events 
of 688 species). Freshwater fish flows were investigated with flow diagrams and χ2 
tests, while PERMANOVA (permutational multivariate analysis of variance) was used 
to test the association between species and regions and temporal shifts. Cluster 
analysis revealed major recipient areas and composition of the introduced species. 
Finally, changes in distances between donor and recipient sites were tested with 
PERMANOVA.
Results: The number of introductions between biogeographic regions mirrored the 
European and North American dominance before World War II (WWII) and the trends 
in recreational fishing, biocontrol programmes and food production, especially in 
the Sino-Oriental region, which has a long tradition of aquaculture and fishkeeping. 
Over the years, the origins and composition of introduced species changed uniquely 
in each biogeographic region, although the most introduced species are common to 
every region. Salmonids and other cold-water species were frequently introduced be-
fore the 1950s, whereas tropical ornamental and aquaculture species currently pre-
vail. Distances between donor and recipient sites did not vary over the time. After 
WWII, the Sino-Oriental region consolidated its dominance and the Ethiopian and 
Neotropical regions emerged as new global donor and recipient regions.
Main Conclusions: Global policy should focus on tropical ornamental and aquaculture 
species, which could benefit from global warming, especially in the Sino-Oriental re-
gion, because it currently dominates freshwater fish species flows, and the Ethiopian 
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1  |  INTRODUC TION

Human agency has broken down biogeographic barriers and re-
distributed species across the globe (Capinha et al., 2015; Dawson 
et al., 2017). Over time, species introductions have increased along-
side human population growth and technological advances which, 
for example, allowed transporting live freshwater fishes across the 
globe (Chapman et al., 2017; Seebens, 2019; Stevens et al., 2017). 
Therefore, flows (translocations) of species from their donor to re-
cipient regions should be largely explained by human colonization 
patterns and current or past trade networks and socio-economic 
trends (Chapman et al., 2017; Lenzner et al., 2018; Olden et al., 2021).

Historically, the Palearctic and the Sino-Oriental regions, primarily 
China, have been the main global donors and recipients of alien spe-
cies (Bernery et al., 2022; Lenzner et al., 2018; Su et al., 2020). These 
regions hosted several historical empires, the Chinese in the East 
and the Roman in the West, where a number of animal species were 
domesticated and redistributed (Toussaint et al., 2018). One famous 
example of early aquaculture is the domestication of the common 
carp (Cyprinus carpio). This species has experienced a human-induced 
expansion across Europe and China that began more than thousand 
years ago (Balon, 1995; Ma et al., 2003; Mitchell, 2009) and has be-
come one of the worst invasive species worldwide (Lowe et al., 2000). 
Brown trout (Salmo trutta) is, by contrast, a more contemporary exam-
ple of a global freshwater fish invader that has a current distribution 
largely reflecting the former British Empire (McIntosh et al.,  2011). 
Nevertheless, as new economic centres emerged, historical introduc-
tion hubs and main donor and recipient areas were replaced by new 
major donor and recipient regions in developing countries (Haubrock 
et al., 2022). Advancing our understanding of spatial and temporal in-
troduction patterns of freshwater fishes is essential for basic science 
and for designing policies and monitoring programmes alike (Chapman 
et al.,  2017). However, despite the remarkable studies on the topic 
(e.g., Toussaint et al., 2014, 2016), we lack a comprehensive explora-
tion of the major donor and recipient biogeographic regions of fresh-
water fish species, and how species flows have changed over time.

Freshwater organisms such as fishes face major spread barri-
ers between catchments, resulting in inferior long-distance disper-
sal capabilities compared with marine or terrestrial species (Dias 
et al., 2014). In accordance, the main introduction pathways (Hulme 
et al., 2008) for freshwater fishes have been related to specific ac-
tivities and to species that fulfil particular human needs, although 
fish can spread to formerly inaccessible river basins when artificial 
canals are built (i.e., corridor introduction pathway followed by un-
aided dispersion; Leuven et al., 2009). Freshwater fish introductions 

have been dominated by releases and escapes related to fisheries 
enhancement, sport fishing, aquaculture and, much more recently, 
fishkeeping (Arlinghaus et al.,  2015; Chan et al.,  2020; Ellender 
et al., 2014). The restricted number of introduction pathways and 
target stakeholders may be considered advantageous for focussing 
management activities. However, the relevance of individual drivers 
of fish introductions and the associated species have likely changed 
over time (Essl et al., 2015). For example, recreational fishing tends 
to increase with economic development of countries, but then de-
crease in highly urbanized societies (Arlinghaus et al.,  2015). By 
contrast, the ornamental fish trade and, especially, aquaculture have 
exhibited a steep global growth in recent decades (Chan et al., 2020). 
Aquaculture is expected to grow further to feed the rising human 
population (Reid et al.,  2019), especially in developing countries 
(Haubrock et al., 2022). Consequently, knowing which species are 
gaining prominence and which regions have become major donors 
and recipient centres in different periods is of major importance to 
narrow down monitoring programmes and prevention protocols.

Here, we used FishBase (Froese & Pauly,  2022), one of the 
most comprehensive databases on fish introductions (Casal, 2006; 
Maldonado et al., 2015; Ruesink, 2005), to provide a detailed analysis 
of global freshwater fish introductions. Specifically, we identified (i) 
the major freshwater fish flows between biogeographic regions and 
how they varied during the last c. 200 years, (ii) changes in the com-
position of species being introduced and the association between 
species and regions over time, and (iii) the emergence of new global 
donor and recipient regions and the characteristics of the species 
introduced in each region. To undertake these tasks, we analysed 
the frequency and species composition of exchanges among fresh-
water fish regions, and their changes over time. We then analysed 
how the frequency of introductions in each region and composition 
of introduced species have changed and determined periods with 
homogeneous introduction rates and species. We identified trends 
and introduction centres (i.e., clusters) of distinct biogeographic ori-
gin during these periods. Finally, we investigated changes in the dis-
tances between donor and recipient regions.

2  |  METHODS

2.1  |  FishBase dataset

We accessed FishBase (www.fishb​ase.org), a global information 
system which contains 34,800 fish species, by February 2021. We 
retrieved data on 4241 records involving 688 species (subspecies 

and Neotropical regions, because they recently emerged as important global donor 
and recipient regions of freshwater fish introductions.

K E Y W O R D S
biogeographic region, freshwater ecosystem, geographic distance, introduction pathway, 
invasive alien species, species origin
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were not considered). One or multiple native freshwater fish biogeo-
graphic regions, namely Australian, Ethiopian, Madagascan, Nearctic, 
Neotropical, Palearctic and Sino-Oriental (Leroy et al., 2019), were 
assigned to each species based on a 2019 update of the dataset pro-
vided by Tedesco et al. (2017) (nknown native regions = 688). In addition, 
we obtained the introduction date (ndate = 2676; 63.1%), and donor 
(ndonor site = 2338; 55.1%) and recipient sites and/or coordinates 
(nrecipient site = 4234; 99.8%) from FishBase. Available information var-
ied for each record, and as a consequence, the number of records 
that could be used varied among the different analyses (see section 
1 in Supplementary material S1 for further information on data avail-
ability). For missing information on coordinates, we designated the 

site coordinates using Google Earth at the highest possible resolution 
(country, basin, river/lake, or site) when the toponymy was indicated. 
These specific coordinates were used to assign each recipient region 
to the corresponding freshwater fish region based on those depicted 
in Figure 1, which corresponded to Leroy's freshwater fish regions 
(Leroy et al.,  2019). Reported years of introduction ranged from 
1186 to 2014; when introduction dates were given as a range (e.g., 
1980–1989) (ndate as range = 480; 11.3%), we used the midpoint in the 
analyses. To investigate the associations between recipient freshwa-
ter fish biogeographic regions and species native regions, we used 
the data with known recipient sites (nrecipient site = 4234). For specific 
analyses of changes in spatio-temporal introduction patterns, we 

F I G U R E  1  Biogeographic regions and recipient (a) and donor (b) locations available in the FishBase dataset (coordinates of the locations 
were obtained at the highest available resolution: country, basin, river/lake or site). The sizes of the circles are proportional to the number of 
introductions in each location. A figure connecting donor and recipient sites can be found in Supplementary material S1 (Figure S2).
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restricted data to introduction years from 1800 onwards, as data on 
introduction events are scarce and highly uncertain prior to this date 
(25 entries were discarded; Hulme et al., 2008; Seebens et al., 2017, 
2018). The number of records with available data for date of intro-
duction and recipient site was 2651, whereas the number of records 
with known date and donor and recipient site was 1998.

2.2  |  Data analyses

2.2.1  |  Species transfers between 
biogeographic regions

We used flow diagrams to visualize species exchanges between bio-
geographic regions (i.e., total number of events including repeated 
introductions of the same species) using the R package circlize (Gu 
et al., 2014). While the recipient biogeographic region was based on 
the reported coordinates (see Figure 1a), the donor region was that 
of the native range of the species. For species with a native range 
spread across multiple biogeographic regions, we divided the intro-
duction record across regions. Therefore, each species introduction 
value summed up to one, giving equal contribution of native range 
regions as donors in this analysis (e.g., each Northern pike Esox lucius 
record, which is a Holarctic species, was split as 0.5 Nearctic and 0.5 
Palearctic origins).

The dataset retrieved from FishBase included successful intro-
ductions (those resulting in self-sustaining established populations), 
unsuccessful introductions (those that require continuous restock-
ing to persist) and introductions for which establishment success is 
unknown. As we focussed on introduction routes and rates, rather 
than on subsequent invasion stages, we made no distinction be-
tween these groups. Nevertheless, Mantel tests indicated no sta-
tistical differences in species origin, frequency of introduction, and 
recipient regions between the successful, unknown and unsuccess-
ful datasets (see section 2 in Supplementary material S1).

A flow diagram without repeated introductions of the same spe-
cies can be found in section 3 of Supplementary material S1.

2.2.2  |  Association between introduced species and 
biogeographic regions

To investigate the association between biogeographic regions and 
introduced species, we calculated the total number of introduc-
tions per species and region and used a χ2 test. We used an undi-
rected graph, depicted using the Fruchterman–Reingold algorithm 
(Fruchterman & Reingold, 1991), to display the similarities between 
biogeographic regions based on the resulting communities (i.e., intro-
duced species in each region and frequency of these events) and the 
inverse distance between them (1—Bray–Curtis dissimilarity). Then, 
we calculated the proportion of species introduced in one single re-
gion (considering only one record per species) and their origins to 
investigate the degree of exclusivity among recipient biogeographic 

regions (i.e., species that have been solely introduced to one single 
biogeographic region). We used the size of the vertices in the graph 
to highlight the total number of species introduced in each region 
and used pie charts to depict the percentage of exclusive species 
and their origins. We finally inspected the proportion of introduc-
tions per biogeographic region of the 24 most frequently introduced 
species worldwide. The χ2 test was carried out in R (R Development 
Core Team, 2021), and we used vegan (Oksanen et al., 2019) to cal-
culate the Bray–Curtis dissimilarity between communities (species 
and number of events) introduced in each biogeographic region. The 
undirected graph was developed using igraph and qgraph (Csardi & 
Nepusz, 2006; Epskamp et al., 2012).

2.2.3  |  Changes in spatio-temporal 
introduction patterns

Identification of temporal breakpoints and stability of species flows 
between biogeographic regions
We divided the study period (c. 200 years) into few shorter in-
tervals to further investigate changes in species flows, species 
composition and major spatial introduction centres over time. 
We calculated the cumulative number of introduced species per 
year (1800–2011) for the 49 combinations of regions (as donors 
and recipients; see Figure S7 in Supplementary material S1). Then, 
we used segmented regression (Muggeo,  2003), as implemented 
in the R package segmented (Muggeo,  2008), to investigate the 
potential existence, evaluated employing the root mean squared 
error (RMSE), of different breakpoints (number and timing) in the 
frequency of introductions in these 49 species flows. Segmented 
regression is a piecewise linear regression that allowed us to break 
the independent variable (i.e., year) into smaller segments of homo-
geneous slope to better predict the response variable (i.e., number 
of introductions between biogeographic regions). Simultaneously, 
we calculated the Bray–Curtis dissimilarity matrix between the 
array of species introduced each year, and their number of intro-
ductions, and divided the resulting matrix accounting for the tem-
poral order in the matrix with the breakpoints used for segmented 
regression. The cohesion and separation of the communities delin-
eated by these breakpoints was evaluated employing the silhou-
ette index (Arbelaitz et al.,  2013; Rousseeuw,  1987) using the R 
package cluster (Maechler et al., 2022).

To deal with these conflicting objectives (number of breakpoints, 
RMSE and silhouette index) and find proficient interpretable break-
points (number and position), we carried out a multiobjective optimi-
zation using the nondominated sorting genetic algorithm (NSGA-II; 
Deb et al., 2002) implemented in the R package nsga2R (Tsou, 2022). 
Multiobjective optimizations generate a series of breakpoints for whom 
improving the solution in a given objective reduces the performance 
in at least another objective (Gunantara,  2018). Among the gener-
ated solutions, we selected the one minimizing the number of break-
points and RMSE and maximizing the silhouette index, giving equal 
importance to each one to balance the trade-off among competing 
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objectives (Gunantara, 2018). See section 4.2 in Supplementary ma-
terial S1 for further information about the multiobjective optimization.

Trends in introduction rates of the most frequent species
We used the number of fish introductions every 5 years to identify pe-
riods of low and high numbers of introduction events in each biogeo-
graphic region. In addition, we compared reported dates to investigate 
changes in the frequency of introduction of the most frequently intro-
duced species during each period. Finally, we applied PERMANOVA 
(permutational multivariate analysis of variance; Anderson, 2001), to 
the Bray–Curtis dissimilarity matrix, to test whether the species com-
position and the number of introductions of these species depended 
on time and varied for each biogeographic region. We performed the 
PERMANOVA using the function adonis2 (permutations = 9999), imple-
mented in vegan, because introduction year was continuous.

Identification of spatial introduction centres with cluster analysis
We used cluster analysis to identify regions and centres of major 
activity where the coordinates of the introductions aggregated into 
groups. Thus, for each period identified with the multiobjective 
optimization, the cluster analysis grouped the introduction coordi-
nates of Figure 1a based on their vicinity. In particular, we used a 
cluster approach developed for community detection in association 
networks implemented in igraph (Csardi & Nepusz, 2006) to identify 
centres during each period obtained with the multiobjective opti-
mization. Based exclusively on the coordinates of the introductions 
that took place in each of these periods, we carried out a global tri-
angulation, using the function convhulln implemented in the R pack-
age geometry (Habel et al., 2019). Then, we derived the connections 
and weights (i.e., distances between connected coordinates) to build 
one network per period from each triangulation. The resulting net-
works were simplified by removing distant connections (Rozenfeld 
et al., 2008) and the function cluster_edge_betweenness (Newman & 
Girvan, 2004) was used to identify the major introduction centres. 
Subsequently, origin and species of the clustered introductions was 
studied. The donor biogeographic regions of the species involved in 
each cluster were then depicted as pie charts centred at the mean 
coordinates of the introduction centre to visualize global spatial 
introduction patterns within each period. An analogous figure de-
picting the most frequently introduced species in each period is pro-
vided in Supplementary material S1 (Figure S11).

Temporal trends in species introduction distances
To calculate the distance between known donor and recipient sites, 
we used the haversine formula (Figure S2 in Supplementary mate-
rial S1). Then, we used violin plots, as implemented in the R pack-
age vioplot (Adler & Kelly, 2020), and PERMANOVA, respectively, to 
visualize and test for temporal changes in these distances between 
the periods identified with the multiobjective optimization. The 
PERMANOVA was carried out using the function adonis (permuta-
tions = 9999), and the complementary test to confirm the homoge-
neous dispersion of the groups was done using betadisper, both from 
the package vegan.

3  |  RESULTS

The Palearctic region experienced the largest number of introduc-
tion events (1502), including repeated introductions of a given spe-
cies (Figure 2). This region was followed by the Sino-Oriental region 
(1020), whereas the Madagascan region only received 106 intro-
ductions. The most important donor was the Sino-Oriental region, 
which had species involved in 1195 introductions. By contrast, only 
four introductions involved species originating from the Madagascan 
region, as only one single species (Pachypanchax playfairii) was en-
demic to this region. The largest species flow corresponded to spe-
cies native to the Palearctic region (590), followed by introductions 
of species native to the Sino-Oriental region (431). By contrast, 
Madagascan species have been introduced solely in the Palearctic 
and Sino-Oriental regions (see Figure  S6 in Supplementary mate-
rial S1 for further information considering only first records).

The frequencies of the different species introduced varied 
markedly among biogeographic regions (χ2 = 6272.5, df = 4122, 
p < 0.001). The largest proportions of species introduced only once 
occurred in the Madagascan region (93.3%) and the lowest in the 
Ethiopian region (36.0%) (Figure  3a). Among the 268 species in-
troduced in two or more regions (39.0%), 23 species were intro-
duced in every biogeographic region (3.3%). The Madagascan and 
Palearctic regions had the largest dissimilarity in introduced species 
composition, whereas the Ethiopian and Neotropical regions had 

F I G U R E  2  Flow diagrams of the total number of freshwater 
fish introduction events (n = 4233). The numbers indicate the total 
number of events, including repeated introductions. An analogous 
figure for the number of species introduced can be found in 
Supplementary material S1 (Figure S6).
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the smallest. Species shared among two or more biogeographic re-
gions dominated every biogeographic region, except the Ethiopian 
and Neotropical ones (Figure  3a grey sectors). The species intro-
duced solely in the Palearctic, Sino-Oriental or Ethiopian regions 
corresponded mostly to intraregional introductions, although in the 
Ethiopian and Neotropical regions Sino-Oriental species introduc-
tions were frequent. In the remaining regions, they corresponded to 
species that originated in distinct freshwater fish regions.

The most widely introduced species was the common 
carp (C. carpio, 181 introductions), followed by other cyprini-
formes (Ctenopharyngodon idella, Hypophthalmichthys molitrix, 
Hypophthalmichthys nobilis and Carassius auratus), cichlids includ-
ing tilapias (Oreochromis niloticus, Oreochromis mossambicus and 
Oreochromis aureus), salmonids (Oncorhynchus mykiss), poecili-
ids (Gambusia affinis) and centrarchids (Micropterus salmoides; 
Figure 3b). Taken together, the ten most widely introduced species 
accounted for 27.7% of all reported introduction events, whereas 
the 24 species depicted in Figure 3b account for 41.9% of all known 
introductions (Supplementary material S2 shows the complete list of 
introductions per species and biogeographic region). Salmonid and 
cypriniform introductions dominate the Palearctic region, whereas 
cultured cichlids (mainly tilapias—Oreochromis spp.) have been fre-
quently introduced in the Sino-Oriental region, and they dominated 
in the Ethiopian and Neotropical regions.

We identified three plausible breakpoints in temporal dynamics 
of introductions, located at years 1862, 1947 and 1995 (see section 
3.2 in Supplementary material S1 for further information about the 
results of the multiobjective optimization).

The species and frequency of introductions depended on the re-
cipient biogeographic regions, and this relationship varied with time 

(PERMANOVA tests, p < 0.005). The introductions in the Palearctic 
region with known date outnumbered those in the other regions 
during the four periods, although after 1947 the number of introduc-
tions approximated those occurring in the Sino-Oriental region, which 
were more frequent towards the end of the century (Figure 4a). The 
frequency of reported introductions in the Sino-Oriental, Ethiopian 
and Neotropical regions has increased across periods, but those in 
the Nearctic Australian and Madagascan regions have remained 
mostly constant across time. The reported introductions markedly 
declined during World War I (WWI) and World War II (WWII).

Salmonid and cypriniform introductions spanned the four pe-
riods identified (Figure  4b). By contrast, cichlids, including tilapias 
(e.g., Oreochromis spp.), and catfish introductions (e.g., Ictalurus 
punctatus and Clarias gariepinus), both related to aquaculture, have 
been more common during the latter periods, although the intro-
duction of salmonids and tilapias extended into the last period after 
1995. The peak of introductions of G. affinis (a poeciliid introduced 
for mosquito control programmes) occurred during the interwar pe-
riod. The violin plots also illustrate the reduction in the number of in-
troductions during WWI and WWII for some species (e.g., Salvelinus 
fontinalis, Tinca tinca, O. mykiss or M. dolomieu) and the considerable 
replacement of species over time.

The cluster analysis supported the results of the PERMANOVA 
indicating the existence of several, yet temporally changing, centres 
receiving introduced species from different donor regions in each 
period. Most species introduced between 1800 and 1862 (38 intro-
ductions) originated from the Palearctic and Sino-Oriental regions 
and were principally cypriniformes (see Figure  5 and Figure  S11 
in Supplementary material  S1 for information on the specific in-
troduced species). Introductions were evenly distributed across 

F I G U R E  3  (a) Undirected graph based on the Bray–Curtis dissimilarity between the total number of introductions per species and 
biogeographic region. Edge length is proportional to the inverse distance between regions (1–Bray–Curtis dissimilarity). Pie charts depict 
the per cent of shared species (grey) and exclusive species (i.e., introduced in one single biogeographic region). The origin of the exclusive 
species has been split by biogeographic region of origin. Pie chart sizes are proportional to the total number of introduction events. (b) 
Barplot of the 24 most frequently introduced species (41.9% of all known introduction events) by recipient biogeographic region.
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regions, although no introductions were reported in Asia, the Middle 
East and the north of the Neotropical region.

Between 1863 and 1947, the total number of introductions rose 
dramatically (649 introductions, +1608%) and was dominated by 
Nearctic species followed by Palearctic salmonids. Europe and the 
Middle East received the most introductions. The only exception to 
this general pattern was the introduction centre encompassing the 
Sino-Oriental and Australian regions, where substantial proportions 
corresponded to aquaculture (Hypophthalmichthys spp.) and ornamen-
tal (C. auratus) Sino-Oriental cypriniformes.

The third period (1943–1995) had the highest number of reported 
introduction events (i.e., 1836). The species origin changed consider-
ably compared with former periods, and there was a broader inclu-
sion of species from different freshwater fish biogeographic regions. 
Neotropical species were the most frequently introduced in North 
America; Ethiopian ones in Central and South America (mainly cul-
tured cichlids), although Palearctic and Sino-Oriental species still en-
compassed a great proportion. In Europe and the Middle East, most of 
the introduced species came from the Palearctic or were aquaculture 
Sino-Oriental cypriniformes. Species of Ethiopian origin dominated 

F I G U R E  4  (a) Number of introductions per five-year period and biogeographic region. The reported introductions markedly diminished 
during World War I (WWI) and World War II (WWII) (grey strips). Dashed grey lines indicate the breakpoints of the four distinct introduction 
periods with homogeneous introduction rates and introduced species (see Methods and Figures S8 and S9 for information on how 
these periods were identified). (b) Violin plots of the introduction dates of most introduced species with known introduction dates. The 
red segments depict the mean values. Grey strips indicate WWI and WWII and dashed grey lines the breakpoints of the four distinct 
introduction periods.
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the African continent, whereas in the Sino-Oriental, Madagascan and 
Australian regions around the Indian Ocean the species origins were 
the most diverse, although cultured cichlids prevailed.

During the last period from 1996 to 2013, the species origin was the 
most diverse in every region compared with former periods, except in the 
Mediterranean, where Palearctic species predominated. The introduc-
tions of the most common species were infrequent in this period.

Mean distances between donor and recipient sites did not sig-
nificantly vary among periods (PERMANOVA p = 0.107) but were 
less variable in the first period from 1800 to 1862 (beta dispersion 
p = 0.04; Figure  6). Median distances ranged between 3430 (third 
period) and 3977 km (second period), but shorter distances were 
overrepresented (Modedistance = 1729.5 km). The minimum reported 
distance was 22.7 km and corresponded to the translocation of the 
Nile Tilapia (O. niloticus) between two nearby lakes, whereas intro-
ductions over more than 18,000 km have been reported in every 
period and were mostly introductions from Europe to New Zealand.

4  |  DISCUSSION

We found evidence for substantial spatio-temporal changes in global 
freshwater fish introductions from 1800 onwards. Before 1862, in-
troduction patterns among biogeographic regions, and introduced 
species, mirrored geopolitical and trading network developments, as 
indicated by the number of Nearctic fish species introduced to Europe, 

a phenomenon facilitated by the tight political and socio-economic links 
between Europe and North America (Chapman et al., 2017). The dias-
pora of European settlers, by contrast, spread Palearctic species all over 

F I G U R E  5  Introduction centres and origin of the introduced fish species for each period with homogeneous introduction rates and 
similar array of introduced species (see Methods and Figures S9 and S10 for information on how these periods were identified). The size of 
the pie charts is proportional to the log-transformed number of introduction events (na = 38, nb = 649, nc = 1836 and nd = 128, introductions). 
Coloured areas encompass the coordinates of the locations clustered in each centre and pie chart. An analogous figure depicting the most 
frequently introduced species in each period can be found in Supplementary material S1 (Figure S11).

F I G U R E  6  Violin plots of the distances between donor and 
recipient sites by period with homogeneous introduction rates and 
similar array of introduced species (see Methods and Figures S9 
and S10 for information on how these periods were identified).
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the globe (Krull et al., 2014; Lenzner et al., 2018), whereas the popu-
larity of aquaculture in Asia, and its proximity, contributed to the large 
number of Sino-Oriental introductions around the Indian Ocean before 
1862 (Ahmed & Thompson, 2019; Garlock et al., 2020; Liu et al., 2018). 
Our results also highlight the popularity of mosquito control pro-
grammes for a short period after the 1920s (Gachelin et al., 2018) and, 
furthermore, reflected the increase in recreational fishing, pet keeping 
and aquaculture. The Nearctic region donated numerous species, espe-
cially from 1863 to 1947, when it dominated the flows of alien fishes. 
By contrast, the Ethiopian, Neotropical and, especially, the Sino-Oriental 
regions have emerged, or consolidated in the last case, as prominent 
global donor and recipient regions after WWII. During the last period 
(1996–2013), the analysis of the Fishbase dataset suggested a decrease 
in the number of introductions. However, considering recent studies 
highlighting the unexpected surge of certain fish species previously 
deemed to have low invasion potential (e.g., Clavero et al., 2023), it can 
be concluded that this finding most probably reflects a recording lag in 
Fishbase. Fishbase is one of the most comprehensive databases on fish 
introductions (Casal, 2006; Maldonado et al., 2015; Ruesink, 2005), but 
it has been shown that new records of alien species need several years 
to be comprehensively made available (Seebens et al., 2020).

The largest number of introductions corresponded to translocations 
within the Palearctic and within the Sino-Oriental regions, respectively, 
although the Palearctic region, in turn, received numerous introductions 
of Nearctic and Sino-Oriental species, often due to the similar climate 
of these three regions (Maceda-Veiga et al., 2013). Aquaculture has a 
long tradition in China and other Asian countries, which based on our 
results contributed to the comparatively high number of Sino-Oriental 
cypriniform introductions across the globe (e.g., C. carpio, C. idella, H. 
molitrix or H. nobilis) (Ahmed & Thompson, 2019; Garlock et al., 2020; 
Liu et al.,  2018). Nonetheless, aquaculture already flourished be-
tween 2000 and 1000 BCE in ancient Egypt and Rome but especially 
in China, where it lasts until today (Ahmed & Thompson, 2019; Carpio 
et al., 2019). By contrast, aquaculture-related introductions in Europe 
have been of minor importance and only recently gained prominence 
(Balon,  1995; Mitchell,  2009). Nevertheless, European examples of 
aquaculture-related introductions exist, for example, the tench T. tinca 
(Clavero, 2019), which ranked 23rd among species in our analysis.

Contrary to Asia, where aquaculture-related introductions dom-
inated, the introduction of recreational fish species in Europe con-
tributed the most to the high number of reported introductions in 
this region, especially after WWII as revealed by the cluster analysis. 
Ornamental fishkeeping was, however, historically more popular in the 
Sino-Oriental region, which has led to a higher percentage of species 
introductions in this continent (Gozlan, 2008). Nonetheless, the gold-
fish (C. auratus) was domesticated with ornamental purposes in China 
around 1000 CE and currently occupies the 8th position in the group 
of most frequently introduced species. Due to limited access to natural 
spring water, it was not until the 17th century that these ornamentals 
were introduced in Europe, but they subsequently spread rapidly across 
western water bodies (Maceda-Veiga et al., 2019; Mitchell, 2009).

The Nearctic region proved to be a larger donor than recipient 
in every period, particularly towards the Palearctic region, for which 

Nearctic introductions outnumbered Palearctic introductions, even be-
fore 1862. This role as net donor was favoured by the large increase 
in traded live organisms as a consequence of the industrial revolution 
that facilitated the successful transport and subsequent spread of 
fish species over this climatically similar region (Seebens et al., 2019; 
Stevens et al., 2017). Nonetheless, the last period, although the lowest 
in terms of introduction events, was the most diverse in terms of ori-
gins. Cultured and sport fishes, especially salmonids (e.g., O. mykiss or 
S. fontinalis) and centrarchids (Micropterus spp.), have been introduced 
all over the studied period, while after WWII catfishes (I. punctatus) and 
poeciliids (e.g., Poecilia reticulata) emerged as prominent species among 
these transfers. This condition as net donor also reflects the great role 
played by local freshwater fish species, first for subsistence, and cur-
rently for recreation (Li et al., 2018), which comparatively disfavoured 
the introduction of alien fishes, despite the numerous introductions of 
foreign species that took place recently (Hughes,  2015). Conversely, 
the number of fishes donated by this region has most likely been fa-
voured by the promotion carried out by aquarists during the last de-
cades (Olden et al., 2021) and, especially by the high number of anglers 
residing in the USA (approx. 30 million people; Arlinghaus et al., 2015).

The historical importance of the Palearctic and Nearctic regions 
as donors has been previously highlighted (Lenzner et al.,  2018; Su 
et al., 2020). However, several results indicate that the Sino-Oriental 
region is the most important donor and recipient region currently. 
Nonetheless, when we considered only the number of species intro-
duced within each region, the ranking between the Palearctic and Sino-
Oriental region was inverted (110 vs. 167 species; see Figure  S6 in 
Supplementary material S1). This indicates that multiple introductions 
in the Palearctic region are likely secondary introductions that can be 
framed within a process of ‘range filling’ (Dominguez Almela et al., 2020). 
In addition, multiple pieces of evidence suggest that the ultimate num-
ber of different species and/or introductions in the Sino-Oriental region 
could outnumber that of the Palearctic because (i) the Sino-Oriental 
ichthyofauna is among the most diverse in the world, which may make 
species identification more difficult (Pimm et al., 2014), (ii) there is typ-
ically a bias in the compiled datasets that may lead to overestimating 
the importance of Europe and North America (Seebens et al., 2018), (iii) 
the Sino-Oriental region, particularly South East Asia, has a long tradi-
tion of aquaculture (Ahmed & Thompson, 2019), and (iv) it is currently 
a main exporter of ornamental fishes (Evers et al., 2019). These lines of 
reasoning are largely also applicable to the Ethiopian and Neotropical 
regions. Moreover, the number of Neotropical species introduced to the 
Sino-Oriental and Nearctic regions (75 and 50; see Figure S6) surpass 
those from the Palearctic, which highlights the increasing importance 
of the Neotropical region as a global donor. Nonetheless, this region is 
currently another hotspot in ornamental fish trade (Evers et al., 2019). 
Conversely, the relevance of the Ethiopian region is based on fewer spe-
cies (it has donated 160 species) involved in numerous introductions 
(464 events). Therefore, it can be concluded that the Sino-Oriental re-
gion consolidated its prominence and the Ethiopian and Neotropical 
regions have emerged as new global donor and recipient regions of 
freshwater fish introductions as a reflection of new global introduction 
patterns and economic developments.
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Freshwater fish introductions impact recipient ecosystems 
in multiple ways as they can increase predation, competition and 
hybridization, introduce new pathogens and modify food webs 
(Almeida & Grossman,  2012). Overall, these introductions have 
caused increasing homogenization of fish faunas all over the globe 
(Marr et al., 2013; Olden et al., 2018; Villéger et al., 2011). However, 
the impacts and ultimate consequences vary depending on the fish 
family. Large cypriniformes, such as the common and grass carps, 
tend to affect habitat quality due to their voracious appetite for 
aquatic flora, ultimately favouring the occurrence of algal blooms 
(Kloskowski, 2011; Zhao et al., 2020). By contrast, salmonid intro-
ductions tended to increase competition, displacing native indi-
viduals towards suboptimal habitats, eventually leading to species 
extirpations (Hasegawa,  2020), although its ability to establish 
and reproduce in recipient regions varied enormously (Koutsikos 
et al.,  2019). Tilapias and catfishes exert multiple impacts in the 
recipient ecosystems as they have been linked to both species' ex-
tirpations and eutrophication processes (Weyl et al.,  2016). This 
variety of outcomes led some scientist to label the ultimate conse-
quences of freshwater fish introductions as the ‘Frankenstein effect’ 
due to the unpredictable developments of alien fish introductions 
on native fauna and ecosystems (Elvira & Almodóvar, 2001; Moyle 
et al.,  1986). Nonetheless, the successful establishment of intro-
duced fish strongly depends on the species' traits and their inter-
action with the different biotic and abiotic element of recipient 
ecosystems (García-Berthou, 2007).

Given these uncertainties, it becomes clear that newly emerging 
alien fish species should be the subject of future horizon scanning 
studies, aiming at identifying door-knocker species (i.e., species of 
high risk of arrival, establishment and impact; Seebens et al., 2018), 
and close precautionary monitoring, especially in a context of global 
warming that may facilitate the naturalization of warm-water species 
(Rahel & Olden, 2008). The most concerning species of this group 
might be the cichlids, including tilapias (e.g., Oreochromis spp.), and 
catfishes (e.g., I. punctatus and C. gariepinus) used in aquaculture, be-
cause they encompass the most recent and frequent introductions 
recorded in FishBase. Nonetheless, their ranges may increase glob-
ally as global warming facilitates their acclimatization in aquaculture 
facilities, although any fish species can likewise become established 
(Clavero et al., 2023).

Long-distance transcontinental introductions such as those in-
volving Palearctic species brought by Europeans to temperate col-
onies (e.g., New Zealand) have been frequent all over the studied 
period and may be favoured in future by new trading routes like 
the Belt and Road Initiative connecting China and Europe (Bernery 
et al., 2022). However, the bulk of introductions involved distances 
between donor and recipient regions not exceeding 2000 km, prob-
ably due to the difficulties of transporting live fishes inexpensively 
(Stevens et al., 2017). This variability in the distances between donor 
and recipient regions highlights the difficult ranking of current 
threats, as species with distant native ranges can also be introduced 
(Chapman et al., 2017; Seebens et al., 2018). Anyhow, releases and es-
capes (sensu Hulme et al., 2008) are the main introduction pathways 

of freshwater fish species (Muñoz-Mas & García-Berthou,  2020), 
which indicates that sport fishers should be targeted in awareness-
raising campaigns jointly with aquaculturists and aquarists, due to 
the recent increment in online trade (Bernery et al.,  2022; Olden 
et al., 2021), to promote best practices and impede the spread of 
these species in natural environments.

During the last 100 years, national and international campaigns 
and legislation addressed to prevent alien species introductions and 
subsequent establishment have gained importance (Maceda-Veiga 
et al., 2019; McGeoch et al., 2010). However, still thousands of addi-
tional introductions of alien species took place (Seebens et al., 2017), 
which is reflected in the variety of newly introduced species 
(Figure  S11 in Supplementary material  S1) and origin observed 
during the most recent discriminated period (1996–2013). Range 
filling and expansion are often still ongoing for already introduced 
fish species. As a consequence, many more alien fish introductions 
can be expected. Global policy should thus pay special attention to 
tropical ornamental and aquaculture species, which could benefit 
from global warming and the rise of aquaculture to meet the in-
creasing demands for animal protein, especially in the Sino-Oriental, 
Ethiopian and Neotropical regions. The Sino-Oriental region consol-
idated its predominance and the Ethiopian and Neotropical regions 
emerged in recent decades as major global donor and recipient re-
gions, with important implications for potential impacts, manage-
ment and monitoring after WWII. Enhancing knowledge about the 
historical development and current trends of alien fish introductions 
is essential for prioritizing monitoring programmes and tailoring pre-
ventive measures (Chapman et al., 2017).
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